Heat and moisture production rates of Nicholas tom turkeys raised under lab-scale commercial production settings were continually measured during a five-week brooding-growing period. Functions were established that relate age and body mass (BM) of the birds to their specific total heat production rate (THP), sensible heat production rate (SHP), moisture production rate (MP), and CO2 production rate. MP of the current study included both latent heat loss of the birds and evaporation of moisture from the litter and drinkers.
H
eat and moisture production rates (HP and MP) from animals and their housing components provide fundamental data for the engineering design of a building environmental control system (ASAE, 1997; ASHRAE, 1997; CIGR, 1992) . For instance, the design of heating and cooling needs by a confinement building requires the knowledge of sensible HP (SHP) characteristics of the building. Similarly, determination of minimum ventilation rate (MVR) under cold climates generally relies on MP data. This is particularly true with floor-reared poultry facilities such as turkey brooder houses where fresh bedding is used and implementation of the moisture-based MVR generally can sustain an acceptable air quality (e.g., ammonia level) in the building. The need of extra ventilation to maintain acceptable ammonia levels in broiler houses employing reused litter has been previously reported (Xin et al., 1996a) .
Most HP and MP data in the literature, however, date back 20 to 40 years, and remarkable changes have since taken place in animal genetics, nutrition, housing equipment, and management schemes. Such changes can significantly alter the HP and MP characteristics of the animals and their housing facilities. For instance, a recent study with early weaned pigs (Harmon et al., 1997) revealed that modern faster-growing nursery pigs have a 30 to 55% higher total HP (THP) than their 40-year-old literature counterparts, and that MP from the current nursery pig housing facility is up to 135% higher than that used by the ASAE Standard. The underlying cause for this large MP discrepancy was presumably that MP data in the ASAE Standard, derived from animal energetics studies, exclude the moisture evaporation from litter/feces or water spillage. To compensate for such shortfalls, certain empirical coefficients have been suggested to adjust the literature MP data before they are used in the design of building ventilation systems (ASHRAE, 1997) . But such empirical adjustments are doomed to be hit-or-miss because the partition of THP into SHP and MP can vary HEAT AND MOISTURE PRODUCTION AND MINIMUM VENTILATION REQUIREMENTS OF TOM TURKEYS DURING BROODING-GROWING PERIOD considerably among production facilities even when the animals share similar THP with their literature counterparts (Reece and Lott, 1982; Gates et al., 1996; Xin et al., 1996b) . Such variations stem from the different management practices and/or housing schemes. Thus, a systematic examination and update of the HP and MP data specific to modern animal production situations seems warranted.
The objectives of this particular study were twofold: (1) to determine HP and MP from tom turkey brooding units that emulate commercial production with regard to environmental settings and management schemes; and (2) to develop MVR, based on the measured MP, as a function of bird age or body mass (BM) at selected climatic conditions during the five-week brooding-growing period.
MATERIALS AND METHODS

EXPERIMENTAL TURKEYS AND MANAGEMENT SCHEMES
Three hundred and thirty-two Nicholas tom poults were procured from a commercial hatchery and transported to the Livestock Environment and Animal Physiology (LEAP) Research Lab of the Agricultural and Biosystems Engineering Department at Iowa State University in Ames, Iowa. Before delivery, the experimental poults were processed by debeaking and vaccination, as typically performed with commercial production poults. The poults were exempt from toe-clipping because of the relatively short duration of the experiment (35 days). Upon arrival at the LEAP Lab, the poults were randomly divided into four groups (83 birds/group) by BM similarity. They were then randomly assigned to four environmentally controlled indirect calorimeter chambers (1.8 × 1.5 m floor space per chamber). The chambers used suspended wooden floors covered with approximately 8-cm-thick fresh woodshaving bedding and had been warmed at 29°C for 24 h before receiving the experimental poults.
Fresh air was introduced to each chamber by an air handling unit (model Climate-Lab-AA, Parameter Generation & Control, Black Mountain, N.C.). Air change per hour (ACH) for the chambers ranged from 6.7 at the beginning of the trial period to 16.7 toward the end of the trial period. Air temperature inside the chambers was maintained at 29.4, 28.3, 26.7, 23.9, and 21.1°C (±0.5°C) , respectively, during the first, second, third, fourth, and fifth week of the brooding-growing period. During the initial 10 days, localized heating was provided with a 135W electrical infrared (IR) brooder (28 × 102 cm) (QC Supply, Schuyler, Nebr.) suspended about 46 cm above the center of the chamber floor. The highest floor surface temperature under the brooder was measured with an IR thermal imaging camera (Model PM-250, Inframetrics, N. Billerica, Mass.) to be around 35°C. An interior view of the chamber setup with the IR brooder in place is shown in figure 1 . The air temperatures and the localized heating seemed to provide thermoneutral micro-environments for the birds, as evidenced by the nearly contacting postural behaviors of the birds. Relative humidity (RH) of the chambers ranged from 35 to 60% throughout the trial period. Air velocity at the bird level, measured with a hot wire anemometer (model MPM 4100, Solomat Neotronics, Norwalk, Conn.), was less than 0.15 m/s which is commonly considered as "still" air.
Corn-soybean meal diet was provided to the birds ad libitum with plastic egg crates placed under the brooder (two per chamber) for the first two days, with trough feeders (two per chamber) from three to seven days of age, and with self feeders (one per chamber) thereafter. Fresh feed was introduced two to three times daily by either adding new feed to the egg crates or trough feeders or shaking the self feeders. The same diet was used throughout the five-week trial period and it contained 2,850 kcal/kg ME, 28.50% protein, 1.08% total sulfur amino acids, 0.55% methionine, 1.65% lysine, 1.20% calcium, and 0.60% nonphytate phosphorus. Fountain type (also known as satellite) drinker (two per chamber) were used to deliver tap water to the birds. They were situated on wooden stands and were cleaned two to three times daily. Continuous lighting of 25 lux intensity at the bird level was provided throughout the trial period.
The number of birds housed in each chamber was 83, 77, 60, 50, and 40, respectively, during the first, second, third, fourth, and fifth week. The corresponding weekly stocking density was 336, 362, 465, 557, and 697 cm 2 /bird (0.36, 0.39, 0.50, 0.60, and 0.75 ft 2 /bird), respectively.
As normally practiced in commercial brooder buildings, fecal accumulation, particularly around the feeders and drinkers, was removed once or twice a week to maintain acceptable aerial ammonia level (< 25 PPM) in the chambers. Fresh bedding was added after each removal of the caked litters (decaking).
MEASUREMENT OF BIRD PERFORMANCE, THP, MP, SHP, AND RESPIRATORY QUOTIENT (RQ)
Average BM of the birds was measured, on a perchamber basis, with a digital electronic scale (60 kg capacity and 10 g resolution) at the beginning of the trial and at the end of each growing week. Weekly feed use per chamber was determined by the difference in the amount of feed in the storage container between the beginning and the end of each week and the amount of feed left in the feeder. Weekly average feed conversion was calculated as the ratio of weekly feed use to weekly BM gain. Water consumption was not measured.
THP of the birds was determined by indirect calorimetry, i.e., from measurement of oxygen (O 2 ) consumption and carbon dioxide (CO 2 ) production of the birds. MP from the chambers (birds and the surroundings) was measured by the difference in air moisture content between the fresh air and the outgoing air. SHP was calculated as the difference between THP and the MP-based latent HP. RQ was calculated as the ratio of volume of CO 2 produced to volume of O 2 consumed. The HP, MP, and RQ data were collected at 30-min intervals throughout the trial period. When the chamber was opened to access the feeders/waterers or to remove caked litter, the resultant data of altered air composition were excluded from the analysis. This exclusion was carried out by both program filtering and manual screening of the raw data. The HP and MP for each chamber were converted to specific values (i.e., unit body mass) by dividing the daily average total BM of the chamber into the HP or MP. The specific THP, SHP, MP, and RQ were then expressed as the daily means with the respective 95% confidence intervals. Detailed description of the ISU indirect calorimeter system and the mathematical equations used to determine THP, MP, and SHP have been previously presented by Xin and Harmon (1996) . Calibration of the gas analyzers with primary standard zero and span gases was performed twice daily throughout the experiment. Error analysis of the measurement instruments revealed a maximum error of ±0.3 W per chamber for the THP determination. Note that the terms HP and heat loss have the same meaning for this study because HP was measured under equilibrium conditions of the birds and the housing system.
DETERMINATION OF MVR FOR MOISTURE REMOVAL UNDER SELECTED CLIMATIC AND HOUSING CONDITIONS
The MP data from this study was used to determine the MVR of turkey brooder buildings for selected cold to cool outside conditions. Specifically, the selected outside temperatures ranged from -23 to 10°C at an increment of 2.8°C. The concomitant outside RH ranged from 20 to 90% at increments of 10%. The inside air temperature followed the thermoneutral levels of 29.4°C to 21.1°C depending upon the bird age, as used in the current experiment. Two inside RH levels of 50% and 60% at each air temperature were considered in the MVR determination. The following equation was used:
where MVR = minimum ventilation rate [m 3 /(kg-h)] MP = moisture production rate from the housing system [g/(kg-h)] ρ = air density, 1.25 g/L (0°C, 50% RH, and 98 kPa barometric pressure) W i ,W o = humidity ratio of incoming (fresh) and outgoing (exhaust) air, respectively W i and W o were determined with a computer psychrometrics program that uses dry-bulb temperature, RH, and barometric pressure (98 kPa) as the input variables (Hoff, 1996. Personal Communication) .
RESULTS AND DISCUSSION
BM, THP, MP, SHP, AND RQ
THP and RQ of the experimental tom turkeys from 1 to 35 days of age are plotted in figure 2. MP and SHP during the same period are shown in figure 3. Also plotted on the same figures is the daily mean BM of the birds derived from curve fitting of weekly BM data. The inclusion of BM allows for determination of HP and MP for a given BM that may correspond to a different age from that of the birds used in this study. An illustration example is shown for a 500 g bird by the arrow lines in figures 2 and 3. THP, MP, and SHP as a function of BM are more explicitly shown in figure 4 . The regression equations, developed using Microsoft Excel for Windows 95, that relate the response variables to bird age (D) or BM are of the following forms.
As a function of bird age: 
(R 2 = 0.920)
As shown in figure 2, the specific THP of the tom turkeys increased with increasing age during the first two weeks and decreased with increasing age thereafter. This pattern is similar to that for litter-grown broiler chickens except that the broiler chicks reached their metabolic peak earlier, around one week of age (Reece and Lott, 1982) .
However, the peak THP of the tom poults (14.0 W/kg), occurring near 350 g BM, was considerably lower than that of the broiler chicks (19.4 W/kg), occurring near 100 g BM. The lower peak THP of the poult was likely attributed to its smaller surface to volume ratio, as can be explained by the surface law. The phenomenon of metabolic peak for growing animals has been well documented in the literature (Brody, 1945) . The occurrence of such a metabolic peak is, as described by Brody (1945) , "the resultant of many factors -to puberty, to weaning, to changes in growth rate, but particularly to stabilization of the neuroendocrine homeothermic system". Hence, it is inherent for different species to reach their metabolic peak at different ages or BM.
Daily mean RQ of the birds ranged from 0.85 to 1.07 during the five-week trial period, averaging 0.93 ( fig. 2) . A RQ greater than 1.0 would imply fat accretion in the body. Feddes et al. (1992) reported a RQ of 0.93 to 1.07 for hen turkeys from 16 to 36 days of age under commercial production conditions. Specific SHP of the turkey housing units generally increased with increasing bird age, and became relatively constant (4.5 to 5.5 W/kg) after two weeks ( fig. 3 ). This result agreed with that reported by Reece and Lott (1982) for litter-grown broiler chicks. Moreover, the SHP from the poults was insufficient to evaporate moisture from the bird surroundings-feces and drinkers during the initial four days. Consequently, supplemental heat was used in this process, which resulted in negative SHP values during this period. Reece and Lott (1982) also reported negative SHP during the first day of broiler brooding on litter. This heat sink should be considered when sizing the supplemental heat needs of the building.
Specific MP of the turkey housing units followed a linearly declining function with bird age. This MP profile was different from that of the litter-based broiler brooding unit as measured by Reece and Lott (1982) who showed peak MP occurring near one week into the brooding period.
Comparisons of THP, MP, and SHP between the current study and the ASAE Standards weighing 0.1, 0.2, 0.4, 0.6, and 1.0 kg are shown in table 1. Similar comparisons are also made in table 1 between the tom turkeys of this study and broiler chickens of equal BM in the ASAE Standard. As can be seen from table 1, modern (Nicholas) tom turkeys have considerably higher metabolic rates or THP (up to 49%) than the literature (Large White) counterparts, particularly as the body mass increases; however this was not true for poults of less than 0.2 kg in BM. Poults of 25 years ago, as represented by the ASAE data, evidently reached their metabolic peak at less than 0.2 kg; whereas, poults in the current study did not show peak metabolic rate till approximately 0.4 kg. Comparison with THP of Large White hen turkeys (0.3, 0.7, 1.0, and 1.5 kg BM) in a commercial facility from a more recent study by Feddes et al. (1992) revealed that THP of the Nicholas tom turkeys was up to 55% higher. Further comparison revealed that THP of the tom turkeys was more similar to that of broiler chickens of equal BM, especially for BM = 0.4 to 1.5 kg. The higher metabolic rates for modern animals have also been reported for early weaned pigs by Harmon et al. (1997) . Such higher metabolic rates presumably arise from the faster growth and improved nutrition for today's animals.
The most drastic difference between the current study and the ASAE Standard lies in the MP, with MP of the current study ranging from 4% at 0.1 kg BM to 282% at 1.0 kg BM higher (table 1) . Such large differences could be attributed to the fact that MP data of the ASAE Standard are based on calorimetric studies of bird energetics, which do not include evaporation of moisture from feces and the litter. Although MP (latent HP) from the birds only is helpful in understanding their thermoregulation, MP including all the moisture sources in the housing system provide much more realistic representation of the moisture load for design of the building ventilation system. As with THP, the MP characteristics of the litter-grown turkeys more closely resembled those of litter-grown broilers of equal BM for BM = 0.4 to 1.5 kg (table 1) ; however, substantial differences in MP existed between the two species for younger ages or lighter BM (< 0.1 kg).
Differences in SHP between the current study and the ASAE Standard, though not as drastic as for MP, were substantial (table 1). With part of the SHP contributing to evaporation of the moisture from the litter and drinkers, the values were lower than those in the literature even though the THP was higher. The largest difference tended to occur at younger ages, with SHP of the current study averaging 107% lower than that in the literature at BM = 0.1 kg. Compared with SHP for the litter-grown broilers, SHP for the turkeys was lower at younger ages (< 0.7 kg) and higher thereafter.
A comparison of the HP and MP data from the current study with those simulated by Timmons and Gates (1988) revealed an 8 to 30% higher THP, an 87 to 95% higher MP, and a 13 to 29% lower SHP for the current tom turkeys. The urgent need to update the HP and MP characteristics of modern poultry production facilities for design and operation of environmental control systems has been pointed out by Gates et al. (1996) . Results from this study provide additional strong evidence for this urgently needed update.
MVR FOR SELECTED CLIMATIC AND HOUSING CONDITIONS
Based on the MP data obtained from the current study, MVR for the selected climatic conditions are listed in Note that the recommended MVR by MWPS (1990) ranges from 1.65 to 5.57 times the MVR determined from the current MP data for 1 to 7 days of age (table 4) . Although additional ventilation would be necessary for houses utilizing old litter to remove excess aerial ammonia (Xin et al., 1996a) , the MP-based MVR should suffice for houses using new bedding, as typically practiced in turkey brooding houses. Over ventilation not only wastes energy but likely degrades the indoor air quality that affects bird health by creating dusty environments. For the remaining brooding-growing period (8 through 35 days), the MWPS values range from 20 to 49% of those derived from this study. Comparing MVR of the turkeys with MVR of equal BM broilers (0.1 to 1.4 kg) as determined by Gates et al. (1996) (T o = 4.4°C, RH o = 40%, RH i = 50%), MVR for the turkeys ranged from 143% to 186% higher. The use of open fountain drinkers, hence more water spillage in this study (as is the case in commercial turkey production) compared to nipple drinkers for broilers, was speculated to contribute to the higher MVR for the turkeys.
The effects of inside RH (RH i ) on MVR can be observed from tables 2 and 3. A 10% rise in RH i from 50 to 60% can reduce MVR by as much as 50% to 60%, depending on the outside RH (RH o ) and temperature (T o ). Hence on cold and humid days, a short-term increase in RH i would be an effective means to conserve both heating fuel and fan electricity energy. The efficacy of such a practice had also been illustrated by Timmons and Gates (1987) in their algorithm of dynamic RH control to conserve energy and maintain litter quality for broiler housing. Caution, however, should be taken in exercising such a practice so that NH 3 build-up, excessive litter moisture, and hence disease problems would not result. By comparison, RH o has little effect on MVR at cold T o . Specifically, for a given bird age of the 5-week brooding period, MVR values are within 10% of one another for T o < -15°C as RH o varies from 20 to 90%. This result is consistent with the thermodynamic properties of air in that as the air becomes colder its moisture content approaches similarity regardless of RH level. This property can be seen from a psychrometric chart.
For naturally ventilated brooding buildings, as may be the case in warm climatic regions, estimate of the building ventilation rate (BVR) via mechanical means would be rather difficult. The CO 2 production rate (eq. 11) for the tom turkeys could be used for such purpose. With a readily obtainable measurement of the CO 2 concentration (PPM) inside and outside the building (by either time-weighed or instantaneous sampling), BVR in m 3 /(h·house) as a function of BM, bird number (N), and CO 2 concentration differential between inside and outside of the building (∆CO 2 [ppm]) can be estimated as:
When using equation 12, note that CO 2 production from the supplemental heaters in the building is not included. Hence, it is advisable to measure the inside CO 2 concentration while the heaters are inactive and after the residual CO 2 from the previous cycle of gas combustion Xin et al., 1996a) .
Minimum ventilation rates (MVR) of tom turkeys during brooding-growing at selected outside temperatures (T o ) and RH (RH o ) and thermoneutral inside temperatures (T i ) and constant inside RH of 50%
has been reasonably purged. It is also desirable to use an average of several such inside CO 2 concentration readings throughout the day to integrate the dynamic profile of the CO 2 concentration and its effect on BVR estimation. Use of CO 2 concentration to estimate building ventilation rate has also proven feasible for broiler and swine houses (Feddes et al., 1984.) 
CONCLUSIONS
Heat and moisture production characteristics of modern Nicholas tom turkeys brooded on litter are substantially different from data commonly used for design of building ventilation systems. Specifically, in comparison with the ASAE Standard (for BM = 0.1 to 1.0 kg), the current study revealed a 2 to 49% higher THP, a 4 to 282% higher MP, and a 2 to 107% lower SHP.
Large differences in MP-based minimum ventilation rates (MVR) for brooding facilities exist between the 1496 TRANSACTIONS OF THE ASAE current study and the literature (MWPS, 1990) recommendations. Specifically, the literature MVR values were estimated to be 165 to 557% of those derived from the current study for the first week of brooding, but 20 to 49% of the derived MVR values for the remaining 4-week brooding-growing period. Regression equations relating THP, MP, SHP, and CO 2 production rate to age and BM of Nicholas tom turkeys during the five-week brooding period have been established. A series of MVR based on the current MP data have been determined for selected climatic and building conditions. These equations and MVR look-up tables provide a new database, guidance, and a tool for design and operation of building ventilation systems, which would better reflect and meet the environmental needs of modern commercial production of young turkeys. Further research is urgently needed to update the literature HP and MP data for ventilation design of animal structures to reflect the modern genetics, nutrition, housing systems, and management. 
